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Bovine mastitis (inflammation of the udder), caused by infection with pathogenic 59 microorganisms and destruction of milk-synthesizing tissues [1] , reduces milk production and 60 quality and is an important financial threat to the dairy industry [2] . Prototheca zopfii, a 61 chlorophyllous alga (family Chlorellaceae) unable to synthesize chlorophyll and with 62 heterotrophic modes of nutrition [3, 4] , is a major cause of mastitis in dairy cows [5, 6] . Bovine 4 63 protothecal mastitis can be clinical or subclinical. In clinical cases, symptoms include fever (up 64 to 40 o C), pain, mammary edema, anorexia and reluctance to move [7] . Subclinical protothecal 65 mastitis is associated with increased number of leukocytes in the udder and milk, and can be 66 manifested by slight pain along with loss of appetite [7] . Bovine protothecal mastitis decreases 67 milk production and elevates somatic cell count in milk, especially macrophages, often resulting 68 in culling [7] . Reported bovine Prototheca zopfii mastitis occurrence ranges from 7.5 to 16.3%
69
[8,9]; however, these reports are predominantly from outbreaks. Although a large proportion (up 70 to 81%) of dairy herds are infected, this pathogen affects a limited proportion of cows (<10%)
71
[10,12]. Cows are often infected intramammarily with P. zopfii following teat trauma during 72 mechanical milking [13] and contamination of the teat orifice with damp organic material [7, 14] . Two genotypes of Prototheca zopfii, genotype I (GT-I) and genotype II (GT-II) have been 80 isolated and identified from bovine milk [17] . Genotype I is predominantly isolated from 81 environmental samples, whereas GT-II is isolated from milk samples and has been reported as 82 the causative pathogen of bovine mastitis [11, 18, 19] . Prototheca zopfii GT-II induced oxidative 83 stress and apoptotic death in cultured bovine mammary epithelial cells (bMECs) [20, 21] caspase-9 and caspase-3 was done using a CFX-96 real-time PCR system (BioRad, Hercules,
177
CA, USA). The reaction mixture for each sample carried 2 µL of cDNA, 1X SsoAdvanced
178
Universal SYBR Green Supermix (BioRad) and 0.5 μM of each specific primer, in a 10 μL final 179 volume. Relative primers for bovine and murine genes are shown (Tables 1 and 2 , respectively).
180
Reaction mixtures were incubated at 95°C for 5 min, followed by denaturation for 5 s at 95°C 181 and combined annealing/extension for 10 s at 60°C (total of 40 cycles). All treatments were 
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P. zopfii GT-II induced mastitis and apoptosis in a mouse model
215
To investigate the causative effect of P. zopfii GT-II in protothecal mastitis, lactating mice were 216 intramammarily challenged with P. zopfii GT-II isolated from a bovine clinical mastitis case.
217
Round to oval sporangia with regular internal divisions compatible with P. zopfii were observed 218 in the mammary gland of lactating mice at 4 dpi as detected by PAS and GMS staining (Fig 1A) .
219
Prototheca zopfii GT-II replicated in the murine mammary gland as it was recovered by culture 220 in greater amounts at 4 dpi compared to the initial inoculum (mean 3.4 × 10 7 CFU/g tissue). Prototheca zopfii GT-II induced acute mastitis with infiltration of leukocytes throughout the 223 parenchyma and within lumina of alveoli. Prototheca zopfii GT-II were present both free within 224 alveolar lumina and throughout the interstitium of the mammary tissue (Fig 1A) . Using immune 225 detection, macrophages were demonstrated in the mammary interstitium and neutrophils 226 diffusely distributed in P. zopfii GT-II-infected mice (Fig 1A) . The presence of P. zopfii GT-II 227 upregulated gene activity and protein production of pro-inflammatory TNF-α, IL-1β and Cxcl-1 228 in mammary tissue at 4 dpi (Fig 1B-C) .
230
Next, we determined whether intramammary infection with P. zopfii GT-II involved apoptosis 231 and oxidative stress, as described in cultured bovine mammary epithelial cells (bMECs) [20, 21] .
232
Apoptotic cells were quantified at 4 dpi with P. zopfii GT-II (Fig 1D) . Transcriptomic analysis 233 demonstrated that mRNA expression of caspase-9 and caspase-3 genes regulating 234 mitochondrion-mediated apoptosis was higher in P. zopfii GT-II infected mice (Fig 1E) with   235 cleavage of caspase-3 protein (Fig 1F) . Expression of Bax gene increased in mammary tissue 236 after P. zopfii GT-II inoculation (Supplementary Fig 1A) , whereas expression of Bcl-2 decreased 237 (Fig 1E) . Expression of cytochrome-c released into the cytosol to trigger apoptosis (Fig 1E) and 238 Apaf-1 also increased in P. zopfii GT-II inoculated mice (Supplementary Fig 1B) . TNF-α and Cxcl-1 gene expression (after 2 hpi) (Fig 2A-C) . Apoptotic cells appeared later (24 246 hpi; Fig 2D) with an increased transcriptional expression of hallmark apoptotic genes, Bax, Apaf-247 1 ( Supplementary Fig 1C-D) , cytochrome-c, caspase-9 and -3 genes (Fig 2E-G) . Expression of 248 Bcl-2 was reduced (Fig 2H) .
250
To examine the role of macrophages, key in chronic mastitis [27] , murine macrophages (J774) 251 with phagocytic characteristics were challenged with P. zopfii GT-II. Prototheca zopfii GT-II 252 internalized inside macrophages in a time-dependent fashion (up to 8 hpi; Fig 3A) . This 253 internalization seemed to be an active microbe process (P. zopfii dependent) rather than a 254 phagocytic event, as actin inhibition in macrophages (by cytochalasin D) did not prevent P.
255
zopfii GT-II internalization (Fig 3A) . Infection of P. zopfii GT-II in macrophages upregulated 256 mRNA expression of IL-1β, TNF-α and Cxcl-1 (2 h; Fig 3B-D) . In contrast, TNF-α expression 257 decreased over time (Fig 3C) . Prototheca zopfii GT-II induced apoptosis in macrophages as 258 detected by TUNEL assay, with more cell death at 12 and 24 hpi (Fig 3E) and upregulated 259 expression of Bax, Apaf-1 ( Supplementary Fig 1E-F) , cytochrome-c, caspase-9, and caspase-3 260 genes, whereas Bcl-2 expression decreased in a time-dependent manner (Fig 3F-I) . 
P. zopfii GT-II induced apoptosis in bovine mammary epithelial cells
263
To verify the apoptotic effects of P. zopfii in the target animal species (cattle), prototype bovine
264
MECs with morphological and functional characteristics of normal mammary epithelial cells 265 were challenged with P. zopfii GT-II and GT-I common commensals in farm environments (e.g.,
266
animal bedding, soil) [3] . Prototheca zopfii GT-I did not induce any apoptotic effects, but P.
267
zopfii GT-II caused TUNEL-mediated apoptosis in a time-dependent manner (Fig 4A) . This 13 268 occurred rapidly, as P. zopfii GT-II were internalized by bMECs in the first 4 hpi, as confirmed 269 by culture (Fig 4B) and TEM (Fig 4C) . Apoptotic effects induced by P. zopfii GT-II were likely 270 of mitochondrial origin, as mitochondrial transmembrane depolarization was detected by 271 immunofluorescence and flow cytometry (12-24 hpi; Fig 4D-E) .
273
Transcriptional expression of genes regulating mitochondrion-mediated apoptosis, including 274 increased Bax and Apaf-1 ( Supplementary Fig 1G-H) and decreased Bcl-2, were detected in 275 bovine MECs inoculated with P. zopfii GT-II (Fig 5A) . Apoptotic proteins, cytochrome-c and 276 caspase-9 at early points (4 hpi) followed by caspase-3 later (24 hpi), increased after P. zopfii 277 GT-II infection (Fig 5B-C) . Likewise, cytochrome-c and cleaved caspase-9 and-3 were over time 278 increasingly immune blotted (Fig 5D) and immunolocalized (Fig 5E) in bMECs infected with P.
279
zopfii GT-II. Apart from decreased Bcl-2 expression after 24 hpi, no effect of P. zopfii GT-I on 280 apoptotic genes in bMECs was observed (Fig 5A) . experiments. *P < 0.05, **P < 0.01. 
